The gut microbiota is a large and diverse community of microorganisms that provides many beneficial functions to the animal host; however, any change in the host's external or internal environment can affect microbiota composition. Migratory passerines arriving at stopover sites show highly variable microbiotas, which is likely reflective of the widely different habitats and foods utilized by migrants prior to arrival. If the previous environmental conditions led to the observed initial variability, then the microbiotas of birds should become more similar through stopover when migrants are in the same habitat and able to utilize similar resources. During spring 2014, migratory Swainson's Thrush (Catharus ustulatus), Wood Thrush (Hylocichla mustelina), and Gray Catbird (Dumetella carolinensis) were captured at a site in southwest Louisiana, USA, (1) upon arrival after crossing the Gulf of Mexico and (2) !1 day later during stopover. Fecal samples were collected and the microbial communities in them were analyzed using next-generation sequencing. The microbiotas of the majority of birds showed distinct shifts in community composition and became more similar during stopover, with birds stopping at the site for longer periods showing more pronounced changes in their microbiotas. These results are consistent with the hypothesis that local food-resource availability heavily influences the microbiotas of passerines; however, it is likely that gut remodulation during stopover after having crossed an ecological barrier also played a role. Keywords: microbiota, migration, next-generation sequencing, passerine, stopover Cambios en la microbiota del intestino de aves paseriformes migratorias durante la parada luego de cruzar una barrera ecológica RESUMEN La microbiota del intestino es una comunidad grande y diversa de microorganismos que brindan muchas funciones benéficas a los animales hospederos; sin embargo, cualquier cambio en el ambiente externo o interno del hospedero puede afectar la composición de la microbiota. Las aves paseriformes migratorias que llegan a los sitios de parada muestran una microbiota muy variable, la que probablemente refleja la diversidad de hábitats y alimentos utilizados por los migrantes antes del arribo. Si las condiciones ambientales previas llevaron a la variabilidad inicial observada, entonces la microbiota de las aves debería volverse más similar a lo largo de la parada cuando los migrantes están en el mismo hábitat y pueden utilizar recursos similares. Durante la primavera de 2014, capturamos individuos migratorios de Catharus ustulatus, Hylocichla mustelina y Dumetella carolinensis en un sitio al suroeste de Luisiana, tanto luego del arribo después de cruzar el Golfo de México como por lo menos un día más tarde durante la parada. Se colectaron muestras fecales y se analizaron las comunidades microbianas usando secuenciación de próxima generación. La microbiota de la mayoría de las aves mostró cambios marcados en la composición de la comunidad y se volvió más similar durante la parada. Las aves que más tiempo pararon en el sitio mostraron cambios más pronunciados en su microbiota. Estos resultados son consistentes con la hipótesis de que la disponibilidad de recursos alimenticios locales impacta fuertemente en la microbiota de las aves paseriformes; sin embargo, es probable que la re-modulación del intestino durante la parada luego de haber cruzado una barrera ecológica también haya jugado un rol.
INTRODUCTION
The community of microbes residing in the gastrointestinal tract of animals, referred to as the ''gut microbiota, '' is known to provide such a multitude of beneficial functions to the host that it has been termed the ''forgotten organ '' (O'Hara and Shanahan 2006) . Gut microbes have been found to play an important role in host digestion (Stevens and Hume 1998) , fat metabolism (Bäckhed et al. 2004) , stimulation of the immune system (Kamada et al. 2013) , and competitive exclusion of pathogens (Kamada et al. 2012) . The makeup of the gut microbiota can be influenced by a variety of factors, including diet, environment, host genetics, and immune function (Turnbaugh et al. 2009 , Benson et al. 2010 , Dimitriu et al. 2013 , David et al. 2014 , Roberts et al. 2014 , Goodrich et al. 2016 ; therefore, any change in the external or internal environment of a host organism could influence microbiota composition.
The microbiotas of humans and laboratory animals have been relatively well studied; however, comparatively little is known about the gut microbiotas of wild birds. Despite this fact, several studies have indicated that the microbiotas of wild birds are highly influenced by environmental factors, such as diet and exposure to environmental bacteria, and may be more important than the genetic influence of the avian host (Lucas and Heeb 2005 , Hird et al. 2014 , Waite and Taylor 2015 , Barbosa et al. 2016 ; but see Hird et al. 2015) . Changes in a bird's environment may therefore lead to shifts in gut microbiota composition; however, few studies have examined temporal microbial patterns in wild birds.
Migration offers an attractive scenario for investigating temporal patterns and the influence of local environment and food resources on the gut microbiotas of wild passerines. Most birds cannot fly nonstop between wintering and breeding grounds; thus, they periodically suspend flight to replenish energy reserves at stopover sites (Newton 2008) . Birds that commingle during spring stopover likely come from differing wintering habitats and areas of the breeding range (Ruegg et al. 2014, Paxton and Moore 2015) . Moreover, individual migrants can show variable migratory routes and use of stopover sites (Lemke et al. 2013) , so birds during stopover along the northern coast of the Gulf of Mexico in spring likely used differing arrays of stopover habitats in the Neotropics. Migratory Swainson's Thrush (Catharus ustulatus) and Gray Catbird (Dumetella carolinensis) arriving at a stopover site along the northern coast of the Gulf of Mexico in spring show high degrees of inter-individual variation in their gut microbiotas, which Lewis et al. (2016) attributed to the widely different habitats occupied and foods consumed by migrants prior to arrival.
In contrast to the diverse habitats experienced by birds during the preceding portion of their migratory journeys, birds at the same stopover site are exposed to the same habitat and array of food types. Ryu et al. (2014) found that 3 shorebird species at a stopover site in Delaware Bay shared a core microbiota; however, birds were sampled only one time, so the authors could not state definitely that their similar individual microbiotas were due to the similar stopover habitat. Repeat sampling of the same individual through stopover permits investigation of temporal dynamics and of the influence of changing environmental variables on the gut microbiota. If the previous habitats and food resources utilized by migrants drive the observed inter-individual variation in their arrival gut microbiotas, then the microbiotas of birds should become more similar through stopover when migrants are in the same habitat and able to utilize similar resources. Prolonged exposure to a shared habitat and associated food resources should give greater time for colonization by newly acquired bacteria or nutrient influx to favor the growth of certain bacteria, so we predicted that birds present at the stopover site for longer periods should show more pronounced changes and greater convergence in their microbiota composition than birds at the site for shorter periods.
METHODS

Field Sampling
Swainson's Thrush, Wood Thrush (Hylocichla mustelina), and Gray Catbird were sampled during spring migration 2014 (mid-March through mid-May) at the University of Southern Mississippi's long-term research station at Johnson's Bayou, Louisiana, USA (29845 0 N, 93839 0 W). The site is a 3.25 ha part of chenier forest located just inland from the coast and is one of the first stopover habitats available to migrants after they complete the crossing of the Gulf of Mexico (for a description of the vegetation and structure of coastal cheniers, see Barrow et al. 2000) . Birds were captured using mist nets operated every day from 0730 to 1700 hours and were banded with federal leg bands. Physical measurements such as unflattened wing chord, mass, and subcutaneous fat (assessed as in Helms and Drury 1960) were recorded from each bird. In order to correct the mass of captured birds for differences in body size, the energetic condition of each bird was calculated on the basis of mass, fat score, and wing chord (Ellegren 1989 , 1992 , Owen and Moore 2006  for further description of the energetic-condition calculations, see Lewis et al. 2016) . The vast majority of birds captured at the study site depart the night of banding (see below), so it is likely that newly banded birds were recent arrivals to the site.
Upon capture, focal birds were placed atop a presterilized aluminum-foil-wrapped cardboard tray in an individual holding compartment and allowed to defecate. Birds with samples collected were held an average of 39 min before defecating, with banding and processing occurring shortly afterward. Holding times were not significantly different between initial and recapture sampling (twotailed t-test: t ¼ 1.2, df ¼ 14, P ¼ 0.26), so any potential effects of capture would be similar among groups. Birds that defecated during this time were removed for processing, and the feces was transferred to a sterile 2 mL collection tube. Fecal samples are commonly used as proxies for gut microbiotas and allow repeat sampling from the same individual (Benskin et al. 2010 , De Filippo et al. 2010 , Degnan et al. 2012 , Dimitriu et al. 2013 . Feces was stored in a cooler on ice until the end of the day when it was frozen at À208C until DNA was extracted. Repeat freeze-thaw cycles were avoided. Repeat fecal samples were collected from the same bird if it was recaptured later during stopover (at least the next calendar day) and the bird's energetic condition was reassessed. Shifts in gut microbiota have been found within the same individual in ,24 hr (Bailey et al. 2011 , Videnska et al. 2013 , David et al. 2014 , so this time-frame is adequate for investigating stopover-related changes in microbiotas.
Next-Generation Sequencing DNA was extracted from fecal samples using the PowerLyzer DNA Isolation Kit (MO BIO, Carlsbad, California, USA) and the bacterial 16S rRNA gene was sequenced by MR DNA Molecular Research (Shallowater, Texas, USA). Sequencing was focused on the hypervariable V1-V3 region with forward primer 27F (5 0 -AGAGTTT-GATCMTGGCTCAG-3 0 ) and reverse primer 518R (5 0 -ATTACCGCGGCTGCTGG-3 0 ), because this region has been found to provide optimal power to discriminate between bacteria to the genus level (Chakravorty et al. 2007 ). We performed 16S amplification using DNA from samples, primers, and HotStarTaq Plus Master Mix Kit (Qiagen, USA) with an initial step of 948C for 3 min, followed by 28 cycles of 948C for 30 s, 538C for 40 s, and 728C for 1 min, and finished with a final elongation step for 5 min at 728C. The amplicons from polymerase chain reaction were pooled and purified, and 300 bp paired-end sequencing was performed with the Illumina MiSeq platform following manufacturer protocols and using standard MiSeq sequencing controls.
Sequence processing was performed using the MR DNA analysis pipeline. Paired-end reads were joined, and barcodes and primers were removed. Sequences that were short, had ambiguous base calls, or had homopolymer repeats (.6 bp) were removed. Sequences were denoised and grouped into operational taxonomic units (OTUs) based on a 97% similarity threshold. Chimeras were removed from the dataset. The OTU sequences were assigned taxonomy via BLASTn against a curated database derived from GreenGenes, RDP11, and NCBI. The OTUs were classified to genus level based on .95% similarity to reference sequences, to family based on 90-95% similarity, to order based on 85-90%, to class based on 80-85%, and to phylum based on 77-80% (Ishak et al. 2011) . Nonbacterial OTUs and rare OTUs detected in ,5 samples and composed of ,10 total reads-and, thus, not likely to be of biological significance-were removed as in Stanley et al. (2013) and Lewis et al. (2016) . Read counts were rarefied 100 times to the lowest read count among all samples using the phyloseq package for R (McMurdie and Holmes 2013) and averaged as in Stanley et al. (2013) . Illumina sequencing generated 827,054 good-quality nonrare reads (mean ¼ 51,690.9 reads sample À1 , minimum ¼ 16,090 reads, maximum ¼ 136,767 reads). A total of 2,578 OTUs were included in the final analysis, averaging 1,190.0 OTUs sample À1 (range: 417-1,569). Sequences were deposited in GenBank (accession nos. KT768531-KT777433).
Statistical Analysis
All analyses were performed using R (R Foundation for Statistical Computing, Vienna, Austria). Changes in microbiota communities were visualized using nonmetric multidimensional scaling (NMDS) with the Bray-Curtis dissimilarity index, and significance was tested using permutational multivariate analysis of variance (PERMA-NOVA) with 10,000 permutations (''vegan'' package; Oksanen et al. 2014) . The degree of change in the microbiota during stopover for each bird was measured as the distance between the initial sample and the recapture sample when plotting the first 2 axes of the NMDS. Migrants' change in microbiota during stopover was regressed on the time between initial and recapture sampling to determine whether birds stopping at the site for longer periods show stronger changes in microbiota composition. Similarly, the significance of the relationship between the change in energetic condition and the change in microbiota during stopover was assessed via Spearman's correlation. Spearman's correlation was implemented for this second analysis because there may be a complex relationship between the 2 variables; gut microbes may influence digestive efficiency and metabolism Hume 1998, Bäckhed et al. 2004 ) while modulation of gut morphology (McWilliams et al. 2004 ) and feeding during stopover may also influence microbiota composition (Costello et al. 2010 , David et al. 2014 . Indicator species analysis was implemented with the package ''indicspecies'' (Cáceres and Legendre 2009) to identify types of bacteria that characterized newly arrived birds as well as bacteria that characterized recaptured birds later during stopover. We used a ¼ 0.05 for all statistical tests.
RESULTS
Initial and recapture samples were collected from 1 Swainson's Thrush, 4 Wood Thrushes, and 3 Gray Catbirds. This corresponds to only 6% (Wood Thrush) and 3% (Swainson's Thrush and Gray Catbird) of the total number of birds of each species that had initial fecal samples collected. Initially, birds showed highly variable energetic condition (Table 1) , some being in poor condition (bird ID: W4) and others in very good condition (bird ID: W1) when first sampled. All birds except for one improved in condition between initial and recapture sampling (average increase: 4.1% of initial body mass; range: 0.8-9.6%; Table 1 ). The one bird whose condition worsened between samplings lost 4.3 g, corresponding to 11.3% of its body mass at initial sampling.
The microbiotas of all 3 species were generally dominated by Proteobacteria, Firmicutes, and Actinobacteria, though one Gray Catbird (bird ID: G1) was initially dominated by Tenericutes (Figure 1 ). Birds during stopover showed varying degrees of change in their microbiotas at both the phylum (Figure 1 ) and genus (Figure 2 ) levels. Between initial and recapture sampling, some birds (such as bird ID: W3) did not change very much while others (bird ID: W2 and bird ID: G1) showed large differences. Initially, the microbiota profiles seemed to separate along the first axis of the NMDS plot based on bird species (Figure 3) ; however, this pattern broke down through stopover.
Microbiota communities in recaptured birds during stopover were not significantly different from when initially sampled (pseudo-F ¼ 1.0, df ¼ 1, P ¼ 0.44), nor were they significantly different when only birds that improved in condition were analyzed (pseudo-F ¼ 1.4, df ¼ 1, P ¼ 0.10). Sample sizes may have been too low to significantly detect differences between initial and recapture microbiotas. Despite these nonsignificant results, Figure 3 shows that 5 birds (S1, W1, W4, G1, and G3) all moved toward a similar area in the NMDS plot. Birds that plot more closely with NMDS have more similar microbiota communities than do birds that plot farther apart; therefore, these 5 birds converged on more similar microbiotas through stopover. The more similar recapture microbiotas of these 5 birds was characterized by higher levels of Microbacterium, unclassified Dermacoccaceae, Paracoccus, Rhizobium, and Nocardiodes (Figure 2) . Birds W2 and G2 also plotted in the same region of Figure 3 as the 5 convergent birds; however, no obvious pattern was observed among the measured factors (time between samplings, initial condition, change in condition, sampling date) that would explain why the microbiotas of these 2 birds would not become more similar to those of the other birds as stopover continued. The microbiota of the one bird whose energetic condition worsened at the site (W3) was initially distinct from the microbiotas of other birds and became increasingly dissimilar during stopover. The microbiota of this bird was characterized by high initial loads of Enterococcus, which increased through stopover, and this was the only bird that did not show an increase in Paracoccus while at the stopover site (Figure 2) . The 5 birds with convergent recapture microbiotas averaged 37.0 hr at the site between samplings (SD ¼ 12.3 hr), wheras the other 3 birds averaged 20.2 hr between samplings (SD ¼ 4.5 hr). . Changes in the phylum-level microbiotas of 3 species of passerines through stopover after crossing the Gulf of Mexico during spring migration. Columns marked ''I'' represent the microbiotas at initial sampling, and columns marked ''R'' represent the microbiotas at recapture sampling. Columns marked ''S'', ''W'', and ''G'' denote samples from Swainson's Thrushes, Wood Thrushes, and Gray Catbirds, respectively (see Table 1 ).
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The degree of change in microbiotas was not significantly correlated to the change in energetic condition between samplings (r ¼ 0.44, df ¼ 6, P ¼ 0.27) or to the change in energetic condition as a percentage of initial body mass (r ¼ 0.43, df ¼ 6, P ¼ 0.28). By contrast, the degree of change in microbiotas showed a significant positive linear relationship with the time between initial and recapture samplings (F 1,6 ¼ 15.4, P ¼ 0.008, R 2 ¼ 0.72). Birds that were at the site for longer periods between samplings showed greater changes in microbiota composition than birds at the site for shorter periods between samplings (Figure 4) .
None of the OTUs identified through the indicator species analysis increased in all birds or decreased in all birds. Lactobacillus was the most significant indicator of recapture samples, with the top 3 Lactobacillus indicator OTUs composing a combined 1% of total reads. Within each bird, the pattern of increase or decrease in abundance between samplings was similar between these 3 OTUs, so they were combined for analysis. All birds that improved in condition between samplings also showed a significant increase in the abundance of these types of Lactobacillus (one-tailed paired t-test: t ¼ 2.4, df ¼ 6, P ¼ 0.03), while the one bird whose condition worsened between samplings showed reduced abundance ( Figure 5 ).
DISCUSSION
We collected initial fecal samples from 212 birds of 3 species, but only 8 birds were resampled on a subsequent day. Although the number of subsequent-day recaps was somewhat lower than in previous findings from the same area of coastal Louisiana Kerlinger 1987, Yong and Moore 1997) , these results imply that most migrants stopping at the site depart for more continuous forests farther inland on the night of arrival Simons 1995, Buler and Moore 2011) . Nevertheless, most (7 of 8) birds that were resampled on a subsequent day had improved in energetic condition, so the study site may FIGURE 2. Changes in the genus-level microbiotas of 3 species of passerines through stopover after crossing the Gulf of Mexico during spring migration. Columns marked ''I'' represent the microbiotas at initial sampling, and columns marked ''R'' represent the microbiotas at recapture sampling. Columns marked ''S'', ''W'', and ''G'' denote samples from Swainson's Thrushes, Wood Thrushes, and Gray Catbirds, respectively (see Table 1 ). Bacterial genera composing ,1% of total reads were grouped into the ''Other'' category. Table 1 ).
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Although only 8 birds were resampled on a subsequent day, our results provide a first look into the temporal patterns of the gut microbiotas of migratory passerines during stopover. It is interesting that migrants appeared to show some species-specific microbiotas when initially sampled, which is in direct contrast to the findings of Lewis et al. (2016) that Swainson's Thrushes and Gray Catbirds sampled after arrival on the same study site didn't show species-specific microbiota profiles. This discrepancy may be due to the low sample sizes for each species in the present study, and the fact that the same pattern did not hold through stopover implies that these birds do not harbor immutable species-specific microbiotas. The sample size was likely too low to detect significant differences in microbiotas through stopover; however, 5 birds (1 Swainson's Thrush, 2 Wood Thrushes, and 2 Gray Catbirds) showed the predicted results of converging on more similar microbiotas through stopover. Moreover, birds showed more pronounced changes in microbiota composition the longer they were at the stopover site before recapture sampling. These results provide a general trend of support for the hypothesis that passerine gut microbiotas are heavily influenced by locally available food resources, and they also support the notion put forth by Lewis et al. (2016) that the high variability in arrival microbiotas among these migrants was caused by their widely varying histories and resource use.
Numerous other studies have noted the effect of a shared habitat on the microbiota (Klomp et al. 2008 , Benson et al. 2010 , Amato et al. 2013 , Stanley et al. 2013 , which is likely driven largely by similarities in food consumed as well as environmental transfer of microorganisms. Some of the bacteria that were enriched in the 5 birds with convergent recapture microbiotas possibly were not true residents of the gut, and were instead transient species that were present on a similar food source ingested by these birds and passed through the gut. Ingestion of food-associated bacteria, however, seems unlikely to be the sole driver of the dramatic shifts in microbiota composition. The bacterial changes through stopover were largely attributable to changes in the abundance of OTUs that were present on initial sampling, likely shortly after the birds arrived at the site, implying that local conditions and food resources favored the growth of similar bacteria. Similarly, David et al. (2014) found that changing diet led to shifts in the resident microbiota composition of humans, while food-borne bacteria, though present, were at the lower level of detectability.
It is unclear why the microbiotas of the other 2 birds that improved in condition did not become more similar Table 1 ). All birds improved in condition except for W3. during stopover. One potential explanation is that these birds might have had a somewhat differing experience at the site; for example, some birds may have eaten more insects while others consumed more berries. An alternative, but not mutually exclusive, explanation is that stopover-induced changes in the gut microbiota are dependent on the types and abundances of bacteria initially present. It is also possible that the observed changes in microbiotas during stopover were at least partially reflective of birds reconstituting gut function after food withdrawal and prolonged flight experienced by migrants during their 12-35 hr crossing of the Gulf of Mexico. Birds after prolonged migratory flight show atrophied digestive organs, which are then rebuilt during stopover (Biebach 1998 , Schwilch et al. 2002 , Karasov et al. 2004 , and migrants may vary retention time to maintain digestive efficiency during this reconstitution (Bauchinger et al. 2009 ). Changes in retention time during stopover would modify the time that gut bacteria have to grow on digesta, thus partly determining the types of bacteria capable of living in the birds' gastrointestinal tracts (Child et al. 2006) . Additionally, immune function suppressed during migratory flight can be restored while resting and feeding during stopover (Owen and Moore 2008) . It is possible that the observed changes and convergence of many birds on more similar microbiotas through stopover are not attributable to similar diet, but instead to a restructuring of the gut to a more similar anatomical, chemical, and physiological environment. This gut remodulation hypothesis is not mutually exclusive from the similar-diet hypothesis, and it is likely that a combination of both led to the observed changes in microbiotas during stopover. Sampling birds at a variety of study sites along the northern Gulf Coast during spring migration would help further elucidate the influence of local food resources and post-Gulf of Mexico gut reconstitution on migrant gut microbiotas.
Only one bird's condition worsened between samplings; however, it is worth discussing because it showed a differing response to every factor investigated. This bird lost a substantial amount of mass between samplings, which suggests that it was not able to feed effectively or that its gastrointestinal tract was so atrophied during its crossing of the Gulf of Mexico that it suffered reduced gut function at the site. All other birds improved in condition at least somewhat and, thus, were likely able to feed and assimilate food effectively. The bird whose condition worsened showed the lowest degree of phylum-level change in microbiota, and its microbiota became more dissimilar from those of the others during stopover. Changes in diet can rapidly modulate the gut microbiota (David et al. 2014) , and feeding may be required to rebuild the digestive tract (McWilliams and Karasov 2001) . If the observed changes in microbiotas during stopover were attributable to feeding at the site, it is unsurprising that a bird that was likely unable to feed effectively showed a very different microbial response from the other birds.
Additionally, all the birds that improved in condition during stopover showed an increase in the abundance of the indicator Lactobacillus OTUs, whereas the bird whose condition worsened showed a decrease. It is possible that feeding stimulated the growth of the indicator Lactobacillus OTUs as well, given that Costello et al. (2010) observed an increase in Lactobacillus in individuals refeeding after prolonged fasts. Several species of Lactobacillus have been associated with weight gain in mammals and birds Raoult 2010, Million et al. 2012) , so an initial increase in Lactobacillus postfeeding could further promote weight gain in feeding birds during stopover. These results are preliminary, and future efforts should be made to more rigorously test these ideas with larger sample sizes.
To our knowledge, the present study is the first to track temporal changes in the gut microbiotas of passerines during migration. Migrants showed dramatic changes in their gut microbiota communities over short periods during stopover, with the majority of birds converging on more similar microbiotas. These more similar stopover microbiotas are likely attributable to a combination of ingestion of similar food resources as well as a similar reconstitution of gut function after crossing an ecological barrier.
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